Building-block transverse flux permanent magnet motor (B-TFPMM) has the advantage of electromagnetic decoupling and high torque density, but it has the strong nonlinearity and the large torque ripple. To solve the problem, the nonlinear characteristics of B-TFPMM stator back electromotive force (EMF) e pm , winding inductance L and single-phase torque T sp are analyzed firstly, and the nonlinear dynamic models involving e pm , L, T sp , stator current and rotor position are established by three-dimensional finite element method (3DFEM). Secondly, apply the square wave current and sinusoidal current to stator windings respectively, and the result shows that using sinusoidal current would acquire smaller torque ripple rate when the load torque is more than 30 N · m. Furthermore, the variation rule of five-phase current utilization is obtained and the maximum current utilization model is established. Based on these, the current compensation method is developed and then the torque ripple rate could be reduced by 10% approximately. After that, combining with 7 nonlinear dynamic models of B-TFPMM, a closed-loop control system based on the compensation method and variable parameter PID algorithm is built. The ratio of the real-time winding inductance to sampling period is chosen as the proportional coefficient of controller. The results indicate that compared with the control mode which combining uncompensated current and traditional constant parameter PID algorithm, the control mode of using compensated current and variable parameter PID algorithm would reduce the torque ripple rate by 57% to 65% and increase the average torque by 13% to 33% in the meantime.
I. INTRODUCTION
Transverse flux permanent magnet motor (TFPMM) was proposed by H. Weh and H. May in 1986 [1] and its main characteristics includes the electromagnetic decoupling, the capability to carry considerable poles and the high torque density. Therefore, it has been widely concerned and researched in the low-speed high-torque application such as electric vehicles [2] - [4] . However, due to the special magnetic circuit and physical topology, the torque ripple of TFPMM is prominent, which is usually larger than that of The associate editor coordinating the review of this manuscript and approving it for publication was Ludovico Minati . the traditional radial flux permanent magnet motor. Consequently, the handling stability and ride comfort of vehicle system would be reduced, the noise would be increased, and the robustness of motor would be weakened simultaneously. In other words, it has great significance to suppress the torque ripple of TFPMM.
In this regard, scholars have put forward various solutions in previous studies. One category of these solutions is modifying motor structural parameters. For instance, the ratios of circumferential widths of stator hoop and rotor core to pole pitch were optimized to reduce the torque ripple of a TFPMM with double C-hoop stator [5] . Similarly, the parameters of a permanent magnet transverse flux linear motor, including VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the translator pole pitch, magnet pole division, magnet width, and tooth head width, were adjusted by Taguchi's method [6] to reduce the cogging force [7] . Furthermore, some other studies about torque ripple suppression have been done by changing motor physical topology. Ahn et al. discussed the influence of teeth geometry on the torque ripple in a rotatory two-phase transverse flux machine and suggested that using herringbone teeth could reduce torque ripple effectively [8] . Likewise, the stator and rotor teeth shapes were altered to reduce the torque ripple of a transverse flux rotary motor according to design of experiment and response surface model in [9] . Being different from changing shape noticeably, T. Husain et al. investigated the effect of pole pitch, stator cores skewing and stator displacement on the torque ripple of double-stator TFPMM in more detail [10] . Concerning the stator cores skewing, many specific researches have been done. In [11] , Ueda et al. adopted the multilevel skew configuration for torque ripple minimization of TFPMM with toothed ring cores. In [12] , the radially skewed and unequally distributed configurations of armature cores were introduced to decrease the most dominant components in high cogging torque. Moreover, the discrete skewing of a segmented stator was presented in [13] . Additionally, some researchers tried to suppress torque ripple by shifting stator or rotor. For the TFPMM with soft magnetic composite cores, the shifted stator disks and unequal stator teeth pairing were optimized to find the tradeoff between torque ripple reduction and power density sacrifice [14] . X. Zhao et al. shifted the upper and lower salient-pole rotors of a consequent pole transverse flux machine with a half pole pitch to reduce torque ripples [2] . In [15] , G. Kastinger et al. put forward the asymmetrical shift of stator elements to suppress certain harmonics of cogging torque in TFPMM. Meanwhile, the measures of skewing and shifting had been integrated with unequal-width stator cores to reduce the torque ripple of TFPMM in [16] . Besides, there are some distinctive strategies of torque ripple minimization for special TFPMMs. For example, the method of tooth pitching was adopted to eliminate the sixth harmonic of cogging torque in modulated pole machines [17] , notches on both stators and rotors were designed to lower down the cogging torque of a dual air gap six-phase TFPMM [18] and in [19] , the consequent pole mover design and the stator-segment interlacing configuration were combined to realize torque ripple minimization in a novel transverse flux tubular linear machine.
The above studies are all from the perspective of changing motor physical structure, whereas the specific modification ways for different TFPMMs are also different, which limits the universality of research results. Meanwhile, the process of optimizing structure needs enormous calculation amount and thus the time cost caused by three-dimensional finite element method (3DFEM) would be increased sharply [20] - [22] . In addition, the modified structure is usually more complicated than before. Therefore, the more sophisticated manufacturing technique would be required, which increases the difficulty and cost of motor production. To mitigate these problems, some researchers began trying to suppress torque ripple from the view of improving control strategy. For example, based on calculated current waveforms, Werner et al. proposed to reduce cogging torque by an optimal current control [23] . However, because of the offline-based calculation, this approach is very sensitive to parameters and variations during the practical operation. In [24] , an iterative learning scheme for reducing the torque ripple of direct-drive transverse flux motor was presented by Rupar et al. Nevertheless, this method is mainly applicable to reduce the periodic torque ripple and its effectiveness depends heavily on the accuracy of parameters that obtained by experiments. In [25] , a cascade of two superordinate state controllers was adopted to control the force of transverse flux linear motor and in [26] , an approach based on the active disturbance rejection control and harmonic spectrum analysis was proposed for suppressing force ripples. However, the structure of controller in the former is quite complex and the both methods are all developed for linear motors rather than rotary motors. In [27] , the torque ripple was reduced by the current trajectory. Regrettably, the current trajectory derived for low torque ripple was not valid over the full range of operation.
In conclusion, most researches adopt the method of constructional changing to reduce torque ripple in TFPMM. Compared with it, suppressing torque ripple by optimizing control strategy could save time cost produced from 3DFEM and decrease the difficulty of manufacturing process. The corresponding research method would also have more universal significance. Moreover, from the above-mentioned studies, it could be seen that many researches were only focused on the torque ripple resulted by cogging torque. However, there are three main sources of torque ripples in TFPMM, including the synchronous torque ripple, the cogging torque and the reluctance torque [28] , [29] . With these in mind, the paper would study the torque ripple suppression of a building block transverse flux permanent magnet motor (B-TFPMM) from the perspective of improving control methods and the method proposed in this study would be applicable for reducing torque ripples caused by different reasons.
With regard to B-TFPMM, it is a highly nonlinear object due to the serious magnetic saturation and leakage [30] , which increase the difficulty of mathematical modeling and controller design. To overcome the problem, the nonlinear characteristics of B-TFPMM would be analyzed firstly in this paper and then a model of maximum current utilization is established. Based on this, the current compensation method is proposed and meanwhile 7 nonlinear dynamic models involving the relationship among main motor parameters are established. These parameters would be fitted real-timely in the closed-loop system and the ratio of real-time inductance to sampling period is taken as the reference of controller parameters. Finally, the torque ripple rate of B-TFPMM could be reduced substantially and the average torque would be improved in the meantime. 
II. OVERVIEW OF B-TFPMM A. STRUCTURE OF B-TFPMM
The basic unit of B-TFPMM is shown in Fig. 1(a) . It contains a U-shaped electromagnet on the stator side and a pair of permanent magnets with opposite polarities on the rotor side. For this motor, with the increase of phase number, the torque ripple would be reduced, but the difficulty of manufacturing process would also be increased. As a compromise, the fivephase four-pole topology is chosen in this study. Fig. 1(b) shows the five-phase four-pole unit of B-TFPMM, which consists of five electromagnets and four pairs permanent magnets. The five electromagnets are corresponding to five phases of B-TFPMM respectively. They are 144 • electric angle apart from each other and independent of each other. The permanent magnet pairs are 180 • electric angle apart from each and the polarities of them are cross distributed.
The B-TFPMM discussed in this paper is composed of four five-phase four-pole units, which contains 20 U-shaped electromagnets and 16 pairs of permanent magnets in total. Fig. 2 is the motor design diagram and Fig. 3 shows the physical photograph of stator and rotor.
It could be seen from Fig. 1 to Fig. 3 that B-TFPMM has a highly modular structure and the assembly process of stator and rotor is similar to building blocks. Therefore, it is named as building-block transverse flux permanent magnet motor, i.e. B-TFPMM. Meanwhile, unlike the majority TFPMMs, all the stator and rotor components of B-TFPMM are in the same circumference, which would decrease the axial size greatly and thus it is more suitable as a direct-drive in-wheel motor.
B. WORKING PRINCIPLE OF B-TFPMM
Essentially, the continuous rotation of most motors is because the interaction of stator magnetic field and rotor magnetic field. For B-TFPMM, the stator magnetic field generated by applying current to stator windings would interact with the rotor magnetic field generated by permanent magnets in rotor. The amplitude of winding current depends on the load torque and the direction of current is decided by the following principle.
Set the counter clockwise direction as the positive rotary direction of motor and take the basic unit shown in Fig. 1(a) as an example. Firstly, determine the current direction according to the winding direction of electromagnet windings and the polarity of adjacent permanent magnet to ensure that the electromagnet and permanent magnet would attract each other. Secondly, change the direction of current once the electromagnet and permanent magnet are aligned, which would make these two parts repel each other. Following the principle, the motor could be driven to rotate continuously along the positive direction and the principle of reverse rotation is similar to this.
As an instance, the five-phase four-pole unit shown in Fig. 4 has experienced three different times. The directions of stator current in these times are determined by the above principle and marked by the symbol ⊗ (current inflow), (current outflow) and (no current). 
C. NONLINEAR CHARACTERISTICS
The voltage equation of B-TFPMM is:
where u and i are the phase voltage and phase current respectively, e pm is the electromotive force (EMF) of stator windings induced by rotor magnetic field, L is the winding inductance and R s is the winding resistance of each phase.
Considering the influence of magnetic saturation, e pm and L are not only related to the rotor position θ, but also to the stator current. The waveforms of e pm and L in different stator currents are shown in Fig. 5 , where θ = 0 • represents the alignment position of A-phase electromagnet and its adjacent permanent magnet.
As can be seen from Fig. 5 , e pm and L have obvious nonlinear relationship with the rotor position and stator current, which would increase the difficulty of motor modeling and controlling. In this study, i-θ-e pm and i-θ-L models are built by 3DFEM and the data in Fig. 5 are parts of the model. Based on this, e pm and L could be fitted real-timely in the motor control system which would be introduced in Section V. Meanwhile, the inductance fitting value would be taken as a part of controller parameters. The details are also described in Section V. Additionally, the single-phase torque T sp of B-TFPMM is given in (2) .
where, T er is the electromagnet reluctance torque, T rr is the cogging torque and T ep is the synchronous torque. Based on the principle of equal magnetic potential, the rotor permanent magnet could be equivalent to the electromagnet. I m and L m are the current and inductance of the winding in the equivalent electromagnet respectively. ψ m is the flux linkage produced by permanent magnets and linked by the stator electromagnet. When the load torque equals 60 N · m, the average of single-phase torqueT sp is 12 N · m and in this situation, the electromagnet reluctance torque T er , cogging torque T rr and synchronous torque T ep are shown in Fig. 6 . Furthermore, being similar to the e pm and L in Fig. 5 , the relationship among i, θ and the single-phase torque T sp is given in Fig. 7 and the data in this figure are also parts of i-θ-T sp model. Combining (2) and Fig. 5-Fig. 7 , it could be seen that the torque of B-TFPMM also has strong nonlinear characteristics and it consists of three parts. Therefore, there are three sources for the torque ripple, which is consistent with the content stated in the introduction. Unlike some previous studies such as [7] , [12] and [15] , this paper regards these three sources as a whole and thus the resulting method possesses more universality.
III. CONTROL BY TWO TYPICAL CURRENTS
Setting the load torque T L = 60 N · m, apply square wave current and sinusoidal current to the stator winding respectively. The corresponding output torques are shown in Fig. 8 and Fig. 9 , whereT sq andT sin are the torque ripple rates resulted from square wave current and sinusoidal current respectively, and T a to T e represent the output torques of A-phase to E-phase. In this study, the torque ripple rate is calculated according to (3) .
(3) where,T represents the torque ripple rate. T max , T min and T ave are the maximum value, minimum value and average value of motor output torque respectively. By comparing Fig. 8 and Fig. 9 , it could be seen that in the condition of T L equaling 60 N · m,T sq is 6.03% higher thanT sin approximately. However, if the load torque takes different values, the torque ripple rates obtained by square wave current and sinusoidal current would both be changed with it. The comparison curve ofT sq andT sin under different load torques is given in Fig. 10 .
From Fig. 10 ,T sq andT sin are similar when T L is less than 30 N · m, and the value and changing rate of them are large in this situation. However, if T L is more than 30 N · m, T sin would be lower thanT sq and the decline rate ofT sin would be greater than that ofT sq . Especially when T L exceeds 80 N · m,T sq is more than twice as much asT sin . In other words, sinusoidal current could suppress torque ripple of B-TFPMM better than square wave current.
IV. CURRENT COMPENSATION METHOD
Although applying sinusoidal current to stator windings could reduce the torque ripple more than using square wave current, the output torque obtained by sinusoidal current still has a certain gap with ideal zero-ripple output torque, especially when T L is less than 30 N · m. To eliminate the gap, this paper would analyze the changing rule of five phase current utilization and establish the maximum current utilization model. Based on this, the compensated torque of each phase would be gotten and then five phase compensation currents could be deduced according to i-θ-T sp model.
A. CURRENT UTILIZATION OF FIVE-PHASE
The current utilization of each phase is defined as the torque produced by applying unit current to the phase winding, which is represented by the letter S. S a to S e are the current utilization of A-phase to E-phase respectively and S max is the maximum among five phase current utilizations.
The relationship between load torque T L and sinusoidal current amplitude I amp , i.e. T L -I amp model, could be obtained by 3DFEM. If T L equals 60 N · m, the corresponding current amplitude I amp would be equal to 48 A approximately. The changing curve of S max and S a to S e with rotor position when T L equals 60 N · m is shown in Fig. 11 . It could be seen from Fig. 11 that with the rotating of motor, there is a periodic variation rule for S a to S e and the minimum period is 22.5 • . If let Ph s represent the phase that S max belongs to, we can see that Ph s would change periodically in the order of B, D, A, C, E. Take the interval [0 • , 22.5 • ) as an example and the specific rotation rule is as below.
The rule shown in (4) is applicable for the case of I amp equaling 48 A. If the amplitude of sinusoidal current has been changed, S max and Ph s would be changing with it. Fig. 12 shows the rotation rule of Ph s in one period as I amp varying from 0 A to 200 A.
It is noteworthy that even if the same Ph s could be obtained by two current inputs with different amplitudes, the interval corresponding to each phase, i.e. a to e , might be different. For example, considering the two situations of I amp = 100 A and I amp = 150 A, both them belong to the third circle of Fig. 12 , which means they are corresponding to the same Ph s . However, a to e of them have slightly different values which are given in Table 1 . 
B. CURRENT COMPENSATION
Applying the sinusoidal current of I amp equaling 48 A to the five phase windings in B-TFPMM, the difference between the practical output torque and the ideal zero-ripple torque is shown in Fig. 13 , where the torque difference is represented by T , the practical output torque is represented by T sin and the phase torques are represented by T a to T e . a to e in the case of I amp equaling 48 A could be deduced by the nonlinear model of I amp -Ph s -mentioned in Subsection IV.A. Subsequently, the difference T could be allocated to five phase stators successively based on (5) where the allocated torque of five phases are represented by T a to T e which are also marked in Fig. 13 .
The five-phase compensated torques represented by T ac to T ec are equaling to the sum of the original torque T j and the allocated torque T j (j ∈{a, b, c, d, e}). The phase torques before and after compensation, i.e. T a to T e and T ac to T ec , are shown in Fig. 14(a) . After that, the five-phase compensated current i ac to i ec corresponding to T ac to T ec could be deduced by the model i-θ-T sp established by 3DFEM, and they are given in Fig. 14(b) .
Because of the high accuracy, 3DFEM has been used in many studies to verify the effectiveness of methods [31] - [33] . Similarly, to verify the compensation effect, 3DFEM is also adopted in this research. Based on it, the output torques before and after current compensation when the load torque equals 30 N · m and 60 N · m are shown in Fig. 15 .
As shown in Fig. 15 , although the output torque of B-TFPMM could not achieve the zero-ripple state after applying compensation current to stator windings, the torque ripple rate would still be reduced greatly. Concretely speaking, when T L equals 60 N · m, the ripple rate would be reduced from 10.81% to 1.87% and when T L equals 30 N · m, the ripple rate would be reduced from 21.33% to 11.24%. 
V. TORQUE CLOSED-LOOP CONTROL OF B-TFPMM A. STRUCTURE OF CLOSED-LOOP CONTROL SYSTEM
In the previous sections, a variety of current including compensation current is applying to the stator winding directly. However, it is usually to implement voltage control on motors by combining the inverter [34] , [35] . Therefore, this section would build the closed-loop control system of B-TFPMM based on previous sections and the system structure is shown in Fig. 16 . Specifically, Fig. 16(a) is the overall block diagram. Fig. 16(b) is the internal model diagram of B-TFPMM. Fig. 16(c) is the internal diagram of T * -i * model that appearing in the input part of overall block diagram.
There are 7 nonlinear dynamic models in Fig. 16 . Among them, i-θ-e pm , i-θ-L and i-θ-T sp models are described in Subsection II.C; T L -I amp and I amp -Ph s -models are described in Subsection IV.A; I amp -T sin model is mentioned in Subsection IV.B. As for the I amp -i model, it is given in the following (6) .
B. COMPARISON OF CONTROL ALGORITHMS
It could be seen from Subsection II.C that B-TFPMM has serious nonlinear characteristics, especially for the winding inductance, which makes the controller design more difficult. Considering the output of controller in Fig. 16 is phase voltage, a reference value of proportion coefficient in PID controller could be deduced by the discrete equation of phase voltage that shown in (7) .
where the variable with subscript k represents the value of corresponding variable at the k-th sampling period. T s is the sampling period. i k+1 is the actual phase current at the (k + 1)-th sampling period. Ideally, i k+1 could also be considered as the target current at the k-th sampling period, i.e. i * k, and then (i k+1 − i k ) would be regarded as the difference between target current and feedback current at the k-th sampling period. Therefore, L k /T s could be used as the proportional coefficient of PID controller. Fig. 17 shows the control results obtained by the traditional constant parameters PID algorithm (CPPID) and the variable parameters PID algorithm with L k /T s as the proportional coefficient (VPPID). In Fig. 17(b) , T * is the given torque.T var andT tra are the average torques gotten by VPPID and CPPID respectively. Similarly,T var andT tra are the torque ripple rates gotten by VPPID and CPPID respectively. The two systems with different control algorithms are both adopting current compensation method, which means the left model in Fig. 16(c) is chosen for each system. Regarding the control parameters of CPPID, they are selected from 336 groups of parameters with the goal of torque ripple minimization in the condition of T L equaling 60 N · m. The optimized proportional coefficient equals 1, integral coefficient equals 1000 and differential coefficient equals 0.01. For ensuring the comparability between two algorithms, the integral coefficient and differential coefficient of VPPID are also set to 1000 and 0.01 respectively.
The following conclusions could be drawn from Fig. 17 : 1) With the increase of given torque T * , bothT var andT tra would decrease butT var is always less thanT tra . In most cases,T var is about half ofT tra . 2)T var is always equal to T * approximately even though T * takes different values. However,T tra would be always less than T * . For example,T tra /T * is about 0.87 when T * equals 80 N · m and if T * equals 10 N · m, the ratio would be only about 0.48.
C. COMPREHENSIVE EFFECT OF CURRENT COMPENSATION AND VARIABLE PARAMETER PID
As analyzed in Section IV, for the open-loop system, applying the compensation current to stator windings directly could reduce the torque ripple rate by 10% approximately. For the closed-loop system, the comprehensive effect of current compensation and VPPID on reducing the torque ripple would be analyzed in the following part. Firstly, according to the two models shown in Fig. 16(c) , the given torque T * could be converted into five phases sinusoidal current and five phases compensation current. Secondly, adopt CPPID and VPPID to control the motor torque respectively in the closed-loop system. Then four control modes are built, which include uncompensated current with CPPID (mode-1), uncompensated current with VPPID (mode-2), compensated current with CPPID (mode-3) and compensated current with VPPID (mode-4). The control results of these four modes under different T * are shown in Fig. 18 and some typical data are also given in Table 2 and Table 3 .
The following conclusions could be acquired by analyzing the data in Table 2 and Table 3: 1) Whether the current compensation method is adopted or not, VPPID has more advantages than CPPID. The specific performances are as follows: a) The lower torque ripple rate. For the same given torque,T var is about 67% to 98% ofT tra when not using current compensation andT var is about 36% to 63% ofT tra if using the compensation method. b) The average torque closer to the given value.T var could reach 95% to 98% of the given torque T * , whereasT tra could only reach 72% to 87% of T * . 2) Although the torque ripple rates resulted from mode-1 (the uncompensated current with CPPID) and mode-2 (the uncompensated current with VPPID) could both be further reduced after using current compensation, the decrease is more obvious for mode-2 which is based on VPPID. Specifically,T tra obtained by current compensation is approximately equal to 67%-96% of T tra that acquired from not using current compensation, whereasT var obtained by current compensation could even be reduced to 43%-52% ofT var that gotten by uncompensated current. 3) By comparing the results of mode-1 (the uncompensated current with CPPID) and mode-4 (the compensated current with VPPID), the comprehensive effect of current compensation and VPPID could be obtained: the torque ripple rate of B-TFPMM could be reduced by 57% to 65% and the average torque of it would be increased by 13% to 33% in the meantime.
VI. CONCLUSION
In this paper, the current compensation method and variable parameter PID algorithm based on real-time inductance are proposed to reduce the torque ripple of B-TFPMM and mitigate the controlling difficulty caused by the serious nonlinearity in B-TFPMM. Seven nonlinear dynamic models involving the main motor parameters are established. Finally, the torque ripple rate could be reduced effectively and meanwhile the average torque could be increased. Moreover, this kind of thought to reduce torque ripple is suitable for most TFPMMs.
The detailed conclusions are listed as follows. 1) For the open-loop system, applying sinusoidal current to stator windings could suppress torque ripple of B-TFPMM better than using square wave current when the load torque is more than 30 N · m. With the increase of load torque, the advantage of sinusoidal current would be increasingly obvious. 2) In the condition of open-loop system with load torque equaling 30 N · m or 60 N · m, applying the compensated current to stator windings could reduce the torque ripple rate by 10% approximately. 3) For the closed-loop control system, adopting the variable parameter PID algorithm based on real-time inductance could reduce the torque ripple rate to 38%-98% of the rate obtained by traditional constant parameter PID algorithm. The specific percentage is related to the target torque value and whether the current compensation method is adopted or not. 4) Compared with the mode of combining uncompensated current with traditional constant parameter PID, the mode that using compensated current and variable parameter PID could reduce the torque ripple rate of B-TFPMM by 57% to 65% and meanwhile increase the average torque by 13% to 33%. She was a Visiting Scholar with Kyoto University, Japan, from 1986 to 1988. She is currently a Full Professor of electrical engineering with Beihang University. She is the author of several books and articles. Her research interests include motor drives, power converters, aviation power supply systems, and redundant electromechanical control systems.
NA WANG was born in Shandong, China, in 1986. She received the Ph.D. degree in electrical engineering from Beihang University, Beijing, China, in 2014.
She was a Postdoctoral Researcher in mechanical and electronic engineering with Beihang University, from 2015 to 2017, where she is currently a Lecturer with the Engineering Training Center. Her research interests include servo system control, artificial intelligence, and nonlinear system modeling. VOLUME 8, 2020 
